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In thefirstpsrtoftheinvestigationananalysisismadeofbase
pressureinan inviscidfluid,bothfortw~imensionalandaxially-
symmetricflow. It is shownthatfortwo-dimensionalflow,andalsofor
theflowovera bodyofrevolutionwitha cylindricalstingattachedto
thebase,therearean infinitenumberofpossiblesoltiionssatisfying
allnecessaryboundaryconditionsat anygivenfree-streamMachnuniber.
Fortheparticularcaseofa bodyhavingno stingattachedonlyone
solutionispossibleinan inviscidflow,but.itcorrespondsto zero “
basedrag.Accordingly,it isconcludedthata strictlyinviscid-fluid
theorycannotbe satisfactoryforpracticalapplications.

Sincetheexactimviscid-fluidtheorydoesnotadequatelydescribe
theconditionsofa realfluidflow,an approximatesemi~mpiricaltheory
forbasepressureina viscousfluidisdevelopedina secondpartofthe
investigateion. Thesemi-empiricaltheoryisbasedpartlyon inviscid-
flowcalculations,andisrestrictedto airfoilsamdbodieswithotiboat-
tailing.Inthistheoryanattemptismadeto allowfortheeffectsof
Machnumber,Reynoldsnuniber,profileshape,sndtypeofbouudarylsyer
flow. Theresultsof somerecente~erimentalmeasurementsofbase
pressnreintwo+imensionalandaxiallywymmetricflowarepresentedfor
purposesofconrpsxison.Somee~erimental
concerningthesupportinterferenceeffect
theinterferenceeffectofa reflectedbow
pressureina supersonicwindtunnel.

lIW!RODUCTIOIV

resultsalsoarepresented
ofa cylindricalsting,and
waveonmeasurementsofbase

Thepresentinvesti~tionisconcernedwiththe~essureactingon
thebaseofan objectrovingat a superscmicvelocity.Thisproblemis
ofconsiderablepracticalimportancesinceh certaincasesthebasedrag
canamouutto asmuchastw~thirdsofthetotaldragofa bodyof
revolution,andasmuchas 80

.-.......-—-.--.-—-----..——

percentofthetotal&ag ofanairfoil.
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2 NACATN 2137

tithepast,numerousmeasurementsofbasepressureonbodiesofrevolu-
.

tionhavebeenmadebothinsupersonicwindtunnelsandinfreeflight,
btitheseexperimentalinvestigationshaveI@ no adequatethe~ to b
guidethem.As a result,thepresent+aylamwledgeofbase~essureis
verylimitedendmanyhxmsistenciesappearintheexistinge~rimental
data.

Various@ptheses astothefundamentalnwchamismwhichdetermines
thebasepressureinsupersonicflowoverbodiesofrevolutionwere
advancedyearsagoby Lorenz,Gabeaud,end vonH&m&. (Seereferences
1, 2,and3,respectively.) Thssehypotheses,however,donotappearto
be adequate.Theequationswhichresultareunsatisfactoryeitherfor
predictingthebasepressureorforcorrelatingexperiments.Figure1,
whichshowsa comparisonofthesetheorieswithaverageexperimental
valuesforprojectiles,illustratestherelativelylargediscrepancies
thatareinvolved.

.

A semi~mp~icaltheoryofbasepressureforbodiesofrevolution
hasbeenadvancedrecentlyby Copeinreference4. Tucertainqualita-
tiverespectsthistheoryis similsrto thesemi-empiricaltheoryofthe
presentreport,thoughthetwoanalysesweredevelopedhdependently.
~ contradistinctiontoprecedinginvestigations,thepresentanalysis
endtheanalysisofreference4 attemptto includenutonlytheeffects
ofMachnuniberbutalsotheeffectsofReynoldsnuniberandtypeof ●

boundary-layerflow,sinceexperimentshaveshowntheseeffectstobe
)

impor’klt. Copeevaluatesthebasepressureby equatingthepressurein
thewake,as calculatedfromtheboundary-layerflow,to thepressureas #
calculatedfromtheexteriorflow. JR calculatingthepressurefromthe
bo~~r flow,however,numerousapproximatimandassumptionsare
necessarilymadewhich,accordingto Cope,resultinno morethana first
a~oximation.

Theprimsrypurposeoftheinvestigationdescribedinthepresent
reportisto formulatea msthodwhichisofvalueforquantitativecalcu-
lationsofbasepressure,onairfoilsandbodieswithoutboa+tailing.
Theanalysisisditidedintotwo@s. X&t I ccmsi-stsofa detailed
studyofthebasepressureintwcAimensionalandaxi~ymmetric
inviscidfluw. ThepurposeofpartI isto developanunderstandingof
theproblemin itssimplestform,ratherthanto obtainresultshaving
immediatepracticalvalue.UIpartIIa semi-empiricaltheoryisformu-
latedsincetheresultsofpartI indicatethatan inviscid+lowtheory
cannotpossiblybe satisfactoryforquantitativecalculatimsofa
viscousflow. A comparisonofthesemi-empiricaltheorywithexperimntel
resultsisalsopresentedinpartII ofthereport.

.

Muchofthepresmtmaterialwasdevelopedaspartofa thesissub-
mittedtotheCaliforniaInstituteofTechnologyin1948.Acknowledgement ,
ismadetoH.W. LiepmannoftheCslifom.iaInstituteofTeclmologyfor
hishelpfuldiscussionsregardingthetheoreticalcmsiderations,endto
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A. C. ChartersoftheBallisticResearchLaboratories.formakingavailable
numerousunpublishedsparkphotographswhichweretaka in thefretilight
eqerimentsofreference5.
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radialdistancefromsxisof symmetrytopointh thefluw
.

temperature

thicknessofwakenearthetrailingshockwave

velocity

tie ofboat+ailingatbase

ratioofspecificheats(1.4fa’air) ‘

houndarg=~r thickness

correctionpsmmeterto dynamic>essure,definedby equation(8)

density

Slibscripts

. .
conditionsjustaheadofbase

conditionsh thefreestream

conditionsatbase

StagnationConditims

I. EASEPRESSUREINAN INWECIDJ?LUID

“ Throughoutthispertofthereporttheeffectsofviscosityarecom-
pletelyignoredandtheflowfielddeterminedforan inviscidfluid
whereinboththeexistenceofa boundarylayerandthemixingofdeadair
withfluidoutsidea freestreamlineareexcludedfromconsideration. It
isassumedthroughoutthata dead~irregionof constantpressureexists
justbehindthebaseandisterminatedby a singletrailingshockwave.
Onlyairfoilsandbodieswithoutboal+tailingereconsideredinthe
-is ●

As will.be seenlater,theassumptionofzeroviscosityover-
simplifiestheactualconditions;theresultssoobtained,thouh of
considerablehelpin@erstand& theflow
qualitativelywithexperimentalresults,

characteristi&, a+&eeonly

.
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Semi-infinitetwo-dimensionalprofile.–Znorderto achievethe
greatestpossiblesimplicityattheoutset,thecaseof a semi-imfinite
profilewill.be consideredfirst.By thisismeanta profileofconstant
thichesswhichetiendsfromthebaseto an infinitedistanceu~stream -
(fig.2). Theproblemathandisto determinetheflowpatterninthe
neighborhoodofthebase. Sincetheeffectsofviscositysreatpresent
ignoredandonlysteadysymmetricalflowsareconsidered,the~“oblemis
simplythatofdeterminingtheflowovera tic-dimensional,fls$,hori–
zontelsurfacewhichhasa stepinit (fig.3).

It iseasyto constructa possibleflowpatternwhichsatisfiesall.
necesssryboundaryconditionsincludingtherequirementofconstmn.t
pressureinthedead%irregion.Forexample,supposethefree-stream .
Machnumiberisl.n d SOB particularvalueofthebasepressurecoef–
ficient,say ~ = -0.30,isarbitrarilychosen.Sincethebase
pressureisprescribed,theinitialangleofturningthroughthePrandtl–
Meyerexpansionat B .(fig.3) isUni@elydetermined,endinthis
particularcaseisequalto 12.4°.Thep~essure,endhencethevelocity
andJkchnumber,wt be constantalongthefreestreamlineBC. Forthe
exampleunderconsideration,theNkchnumberalongthefreestreamlineis
easilycalculatedfromthePrsndtl+eyerequationstobe 1.92.Fora
uniformtwo-dimensionalflowovera convexcorner,thepressuredepends
onlyontheangleof inclinationofa streamline,henceitfollowsthat
BC isa straightline. ThetriangleBCE thereforeboundsa regionof
uniformflowhavingthesamepressureasthedead-airregion.As the
trailingshockwave(fig.3)extends-outwardfrom E to infinity,inter-
ferencefromtheexpansionwavesgraduallydecreasesitsstrengthuntil
iteventuallybecomesa Machwave. Thatpartoftheshockwavefrom C
to E mustdeflecttheflowthroughthesamsangleastheexpsnsionwaves
originallyturnedit (12.4°fortheparticulsxexampleunderconsidera—
tire). ThisdeflectioncertainlyispossiblesincetheMachnuiberin
thetriangleBC!Xis1.92which,accordingtothewell–knownshock+ave
equations,iscapableofundergoingw deflectionsmallertti ~.~”:
As theflowproceedsdownstreamfromthetrailhgshockwave ClIF,the
pressureapproachesthefree-streamstaticpressure,thussatis~ the
boundaryconditionat infhity.

It isevidentthata possibleflowpatternhasbeenconstructed
whichsatisfiesalltheprescribedrequirementsaswellasthenecessery
boundaryconditions.Thisflow,however,certainlyisnottheonly
possibleonefortheparticularMachnumber(1.~0)underconsideration,
sinceanynegative’valueof ~ algebraicallygreaterthan-0:30also
wouldhavepermitteda flowpatterntobe constructedandstillsatisfy
allboundaryconditions.Thisisnotnecessarilytrue,though,if
valuesof ~ algebraicallylessthan-0.30arechosen,as canbe seen
by picturingtheconditionsthatwouldresultifthebasepressurewere

———. ——. - -- --- —— ..___ . .



. .._ ——_. .— _ ..- —.—

6

,4

graduallydecreased.TheangleofturningthroughtheIWandtl-Meyer
expansionwouldincreaseandpointC infigure3 simultaneouslywould .
movetowardthebase. Thebasepressurecanhe decreasedinthismnner
onlyuntila conditionisreachedinwhichtheshockwaveat C turns
theflowthroughthegreatestanglepossiblefortheparticdarlocal
Machnumberexistingalo& thefreestreamline.me basepresswecannot
be furtherreducedad stillpermitsteadyinviscidflowto exist.The
flowpatterncorrespondingtothisconditionofa mucimum+leflectionshock
wavecanbe consideredas a “limiting”flowofallthosepossible.There
areobviouslyan infinitenumberofpossibleflowsfora givenfree—
streamMachnmber,butonlyonelimitingflow.

Thelimitingvalueofthebasepressurecoefficientcanbe easily
calculatedasa functionofthefree+treamWch nuniberby reversingthe
proceduredescribedaboveforconstructingpossibleflowpatterns.Thus,
fora givenvalueofthelocalMachnumberalongthetreestreamlinea
limitingflowpatterncanbeconstructedby simplyrequiringthatthe
eagleofturn3ngbee@al tothemaximum+ieflectionanglepossiblefora
shockwaveatthatparticularlocelMachnuniber.By useoftheRnu@tl-
Meyerrelationstheappropriatevalueofthefre~treamlhchnumberis
thendirectlycalculatedfromtheangleofturningandthelocaJlhch
nuriberalongthefreestreamline.Thisprocesscanbe repeatedfor
differentvaluesofthelocalWh numberalongthefreestreamlineend
a curvedrawnofthelimitingbasepressuecoefficientasa functionof
Jhchnuniber.Sucha curveispresentedinfigure4. Theshadedarea
representsallthepossiblevaluesofthebasepressurecoefficientfor
two-dimensionalinviscidflow. Theupperboundaryoftheshadedarea
correspondstothelimitingflowconditionforvariotifre~treamWch
nwibers.

Thereisnoreasonapriorito saythatfora givenMm thelimiting
flowpatternrepresentsthatparticularonewhichmostnearlyapproximates
theflowof a realfluid.Thecurverepresentingtheselimitingflow
patternscenbe consideredsimplyasbeingthecurveofmxtmumbasedrag
(ti hencemaximumentropyincrease)possibleinan inviscidflow. This
istheonly-tite~etationthatwill-begiventothiscurveforthetime
being.Sinceitistheselimitingsolutionswhichwi12be singledout
laterforfurtheruse,a specials@ol hi wXUle usedto designate
thebasepressurecoefficientof suchflows.It isevidentfroma com-
parisonoffigures1 andk thatintheWch ntier regionshownthe
valuesof ~i fortwo-dimnsiondflowcorrespondtoveryhighbase
drags,beingalmostashighas ifa vacuumexistedatthebase. At ~ch
nunibersgreaterthanorequalto 6.o,thevaluesof ~i exactlycorre-
spondto a vacuumatthebase.

J

— —— .-
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Axially+mmetric

7

InviscidFIw

Semi-infiniteaxially-ymetricbody.–Inprinciplethesamemethod
ofyrocedurecanbe usedforinviscidexiallmymmetricflowaswasused
forinviscidtw~nsional flow. Theaxiall~ymmetri.cflows,however,
aresomewhatmoreinvolvedthanthecorres~ondingtwo-dimensionalflows.
Forexample,inaxially+-tric flowtheexpansionwaveletsissuing
fromthecornerofthebasearenotstraightlinesastheyareinFrandtl–
Meyerflow.Moreover,additionalcomplicationsarisesincetheflowc-
editionsupstreamofthetrailingshockwavedonotdependsolelyonthe
inclinationofthestreamlinesat a givenpoint,butdependonthewhole
historyoftheflowupstreamoftheMachlinespassingthroughthat~otit.
As a consequenceofthesecomplications,thefreestreamlineof constant
pressurecannotbe straight.

Inorderto constructpossibleflowpatternsaswasdoneb thetwo-
dimensionalcase,themethodof characteristicsfor~i~ymmetric
flowm.zstbe usedandeachflowpatternbuiltup stepby step.The .
detailsoftheparticularmthod employedaredescribedtireference6.
By Useofthecharacteristicsmthod theinviscidflowfieldcorre–
spendingto a givenvalueofthebasepressurecoefficientcanbe cow
struttedforanygivenvalueoftheMachnuniber.Theshapeofthefree
streamlineis,ofcourse,determinedby thecotitionthatthepressure
andthevelocitymustbe coz&tantalongit. An exampleofsucha con-
structionfora free+treamMachnumberof1.5isgiveninfigure5(a).
Inthisparticularcase,thebasepressurecoefficientwhichhasbeen
chosenarbitrarilyis-0.25.It istobe notedthatthereisa striking
differencebetweentheaxislly+mnetriccase(fig.5(a))sadthetwo-
dimensionalcase(fig.3). Theinviscidflowpatternfortheaxiall.y–
sy?mnetriccasecemnotbe constructedallthewaytotheaxisofsymmetry,
andstill.satisfytheprescribedboundaryconditions.Thisisa conse-
quenceofthecurvatureofthefreestreamlineendthefactthattheMach
numberalongthefreestreamlineh thecaseunderconsiderationis1.8k,
which,atthemost,iscapableofdeflectinga streamlineonly19.9°by a
singleshockwave. As isillustratedh figure~(a),theangleof incli–
nationofthefreestreamlineforthisexampleisalready19.9°ata vzilue
of r~ro= 0.552,where r istheradisldistaucefromtheaxisand
ro = h/2 istheradiusofthebase. Sincetheangleof inclinationof
theconstant-pressurefreestreamlinewouldcontinueto increasemonoto~
icallyastheaxisisapproached,theflowpatternoffigure5(a)csmnot
be constructedfartherthanthepointshown(r/r.= 0.552)andstillleav%
a Provisionfortheflowtobe deflectedthrougha singleshockwaveand
becomeparalleltotheaxisof synnwtry.Thisphenomenonisnotattribut–
abletotheparticularcombinationofMachznuiberandbasepressure
selectedforfigure5(a). W figures5(b),5(c),5(d),5(e),and5(f),
severalotherexamplesarepresentedwhichillustratetheflowfordiffe~
entvaluesofMachnunberandfordifferentvaluesofbasepressurecoef-
ficient.Ineachcasethefreestreamlinehasbeenterminatedatthe

1
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pointwherethelocalangleof inclhationisequalt;the@e corre-
spondingto thegreatestpossibledeflectionby a singleshockwave. It
isevidentthatnoneoftheseflowpatternscouldbeconstructeddownto
theaxisofsymmetry.~together,approximately30flowpatternswere
constructedby thecharacteristicsmethod;inno casecouldtheflowbe
constructedallthewaytotheaxis. Thisphenonmnonisdiscussedfurther
ina laterplace.

Theflowpattermsbuiltupby themethodofcharacteristicsshould
notbe regardedasunrealisticsimplybecausetheflowcannotbe con-
structedsllthewaytotheaxis. Ina red fluidtheflowoutsidethe
boundarylayerissimilarbecausethewakebehindthebodyfillsthe
regionneartheaxisandpreventstheouterflowfromreachingtheaxis.
Thisfactsuggeststhattheexially+ymetricinviscid-flwpatterm ‘
shouldbe investigatedfurtherastheymightbearsom relationto actual
flowsifthedisplacementeffectofthewakeisaccountedfor.

Theflowfieldscontaininga freestreamlinenotmeetingtheaxisof
symetrycanbe consideredas thosethatwouldexistin fnviscidflow
abouta bcdyofrevolutionwhichhasan inf~tely longcylindricalrd
(or“sting”) attachedto thebase.As an example,theflowoffigure5(a)
wouldcorrespondtoa bdy havinga rtiofdiameterd = 0.552hattached
tothebase. (Seefig.6.) Withsucha mdel thetrailingshockwave
turnsthefreestreamlinethroughthegreatestdeflectionpossibleforthe
givenlocalmch ntier alongthefreestreamline.Theflowfieldis
thereforethelimitingflowfieldofallthosepossibleforthegiven
free-streaml!achnumberandthegivenratioof d/h.

Justas inthecaseofthetwo+imensionalbody,therearealsoan
infinitenumberofpossibleflowpatternforthebodyofrevolutionwiti “
a rodattached.Thisistruebecausefora givenconfigurationasmany
additiondflowpatternsasdesiredcanbe constructedby simplyselecting
thebtiepressuretobe emypressurebetweenthefre~treampressuread
thepressurecorrespond@gtothelimitingflow. Thelimitingflow
patternistobe giventhesamephysicalsignificanceforaxiall~
symmetricflowasfortwc-dimnsionalflow;thatis,thecorresponding
basepressurecoefficient~ representsthemaximumbasedragpossible
foran inviscidflowwitha s& letrailingshockwaveanda givenratio
of d/h.

By choosingdifferentvaluesofthebasepressure-coefficientfora
fixedMachntier,theinviscidsolutionsdeterminedlythemethodof
characteristicsenablea plotof ~4 againstd/h tobe made. This
procedurehasbeencarriedoutfor&ch nmibersof1.25,1.5,
3.0,andk.o. 5 resultsareshowninfigure7. Eachpetit
curvesinthisfigurere~resentsoneflowpatternconstructed
characteristicsmethod.Thevaluesfor d/h=O correspondto
infinitebodywithouta rodattached.It istobe notedthat
curveinfigure7 thevalueof ‘bi extrapolatesto zeroas

2.0,2.5,
onthe
by the
thesemi–
foreach
d/h

*

.

.

.

. .._ --— -
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approacheszero. T!hismeansthatthebasepressureisequalto,thefree-
streamstaticpressure,thefreestreamlineisunreflected,andthebase
dragiszero.Hence,thelimit

?
flowpatternendtheinfinityof

possibleinviscidflowsfor O<dh<l degenerateintoa singletrivial
solutioncorres

Y
to zerobasedragfor d/h=O. Infigure7 the

limitingvaluesas d h approaches1.0correspondto thepreviously
treatedcaseoftwo-dimensionalflow. It canbe seenthatthismustbe
thecaseby visualizingthelimitingprocessas takingplacewithboth d
and h approachinginfinity,butwiththedifference(h-d)heldconstant.
Theconfigurationapproachedinthismannerwouldbe a twc+iimensional
stepofheight(h+)/2,andthepressurecoefficientapproachedwouldbe
theMmitingbasepressurecoefficientfortwo-dimensionaltnviscidflow.
Ontheotherhand,if d/h isequalto unity(insteadofapproachingit
fromvaluesalwayslessthan@@), thenthecorrespondingconfiguration
wouldbe a semi-infimitebodyofrevolutionwitha cylindricalrodofthe
samediameterattachedtothebase. Althoughno dead-airregionexists
inthiscasesticetheflowiseverywhereuniform,thebasepressurein
thephysicalseinewouldbe thestaticpressureat thejunctionofbody
audrod,andhence hi wouldbe ze~o.

Thefactthat ~i=o for d/h=O appeersanomslousonfirstthought,
particularlywhenoneremetiersthatthecoefficientPbi representsth
maxinmmpossiblebasedragthatcanexistfor= fitiacidflOWoftheX
beingconsidered.An explsaationcanbe obtainedfroma considerationof
theequaticmsofmotionsincetheyarethebasisforthemethodof charac–
teristics.Thisex@3nation,however,isnotessentialforanunder-
stemdingofthemainconclmionsregardingbasepressure,amdhenceis
presentedasAppendixA. It isapparentfroIuthecurvestifigure7
thatwithanyreasonableextrapolation(asindicatedby dottedlines)
thebasedragofanaxidly+ymmetricbody@ an inviscidfluidis,if ‘
notzero,so smellthatitcsmnotpossiblyagreewiththedragvalues
determinedby experimentsina viscousfluid.Thif3stronglysuggeststhat
viscous“effectsareessentialindeterminingthebasepressure.

Finiteaqially%ymmetricbody.- Dueto theinfluenceofthenoseon
SD.Yprojectfle+kpdbodyofrevolution,suchpstheonesketchedin
figure8(a),them numberandpressureona prtionof surfacepar~el
tothefre~treamdirectionareconsiderablydifferentfromtheirrespeP
tivevaluesMm sad pm inthefreestream.(Thisdifferenceisvirtu-
allyzeroforsuchanelenmntof surfaceonau airfoil,sincethelocal
conditionsintwo-dimensionalflowdependonlyonthelocalsurfaceincli-
nation.) It isclearthat,irrespectiveofthisdifference,thesame
difficultyfor d/h=O existsneartheaxisas inthecaseofthesemi–
infiniteaxially+ymmetricbody;theinviscidflowcannotmeettheaxis
of symmetry.Hencethefreestreamlinemusteventuallybecomeparallelto
theaxisas itpassesdownstream,as illustratedinfigure8(b). Since
thepressureat infinityisequaltothefre~treamstaticpressure,and
sincethepressureisconstsmtalongthefreestreamline,itfollowsthat
theonlyyossiblebasepressureinthestrictlyinviscidflowiS againthe

#

——. - —.— -.— . . .. . . -. .--—-——-—-—
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fre=tream staticpressure.Forpresentpurposeeitissufficientto
notethatthepressurepl isordinarilylessthen pm. Thismeansthat
theremust%e a weakshockwaveatthecornerofthebase(fig.8(11)).
The.freestreamlinemustthencurveslightlyas ittrailsdownstreamto
imf~ty, eventuallybecomingparaJleltotheaxis.

Theflowillustratedinfigure8(b)representsthesolutionfora
finiteaxiall~ymmetric%*. Thebasedragiszero,buttheflow
~attemisnotwhatwouldpreciselycorrespondto a trivialsolution(h
themathematicalsenseoftheword),as isthecaseforthesemi+nfinite
body.Iievertheless,thisparticularsolutionforinwiscidflowclearly
b nobearingonanyflowthathasasyetbeenencounteredineq?erimental
investigations.Againitappearsthatviscosi~mustbe thedominating
mechanismh determiningtheflowpatternina realfluid.

I?onuniquenessoftheInviscidBas-fiessureFlows

The
flowand

occurrenceofmoretb onepossiblesolutirmintwo-dimensional
elsoinaxially+ynnmtricflowwitha rodattacheddoesnot

representa newoccurrencein inviscidflowtheory.A SilDik situation
occurs,forexample,inairfoiltheoryforan inviscidyincompressible
fluid.As iswelllamwn,a satisfactorysolutioninthiscasehasbeen 4
foundintheuseofthesecalledKuttacondition.Oftheinfinitenumber
ofpossiblesolutionsfortheincompressiblepotentialflowoverau
airfoilat a givenangleofattack,onlyonecorrespondsto a finite .
velocityatthetrail- edge.UseoftheKuttaconditionto selectthis
particularsolutionisa fairlystraightforwardprocess,andcanbe readily
justifiedonthebasisofqualitativeconsiderationofviscouseffectsnear
thetrailingedge.Considerationofviscouseffectsmightalsobe expected
toleadto a u&ue solutioninthecase
tionsforthebasepressure.

. Apartfromtheeffectsofviscosity
suchas stabilityoftheflow,alsohave
latedproblemswhenselectinga suitable
possiblechoiceofmorethanone. As an

oftheinfinit=nunberofSOIW

severalotherconpiderations,
beenof importanceinotherunre-
inviscidflowsolutionfroma
exampleofthistheinviscid

channelflowstudiedinrefer&ce7 maybe cited.Forthepresentproblem,
however,theprecedinganalysisofaxially+ymaetricinviscidflowspoints
towardviscouseffects(ratherthanstabilityof inviscidflow)asbeing
theescentialmechedsmdeterminingthebasepressure.

Evenifconsiderationisgivenonlyqualitativelytotheeffectsof
viscosim,thebase-pressureproblemisrelativelyinvolved.Thesecon-
siderations,whicharediscussedsubsequently,indicatethatitisthe
viscousmixing.ofdeadairandtheoutsideflowwhichmakesonlyone
solutionpossibleforgivenlhchandReynoldsnunibers.Fromm academic
viewpointthisresolvesthedifficultyofhavingan infinitenumberof
possiblesolutionsto thsinviscid-flowproblem,butunfortunatelygreatly
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complicatesrottersfroma practicalviewpointsinceitm9ansthata sat-
isfactorytheoryofbasepressuremust,insomeway,allowfortheeffects
ofviscosity.

II. A SEMI+MPIRICKGTEEORYFORBASEI!RESSUREINA VISCOUS
mm ANDCOMPARISONWITHExPERIlmNTALlms—mTs

QualitativeEffectsofViscosityonthe

TwC-dimensionalflow.- A sketchshowing
acteristicsfortheviscous-fluidflowinthe

Base+?ressureFlow

thequalitativeflowchar-
regionofthebaseisgiven

in figure9. ‘l?heflowstartswitha Machnunber–Ml, pressure – and% J
boundary-layerthickess 81. Becausethebasepressureislowerthan
thepressurepl, a sti fanofexpsasionwaveletsoriginatesatpointA.
Theexistenceofa dead-airregionina smallvolunmimmediatelybehindthe
baseisa resultoftheseparationatpointB. As a consequenceofthe
formationofa dead-airregionitcanbe deducedthatthepressurealong
thestreamlineBC isapproximatelyconstant.Forthecaseoflaminex
flowintheb@mdarylayertransitionbeginssomewherebetweenB and C,
andafterpassingthroughtheregionofthetrailingshockwavetheflowin
thewakebecomescompletelyturbulent.Thequalitativeformofthe
boundsry-layerprofilesattwostationsbetweenpointsB andC munttakeon
thesamenatureasthoseexistingat theboundaryofa supersonicjet
issuingtitoambientair. Becausqoftheviscosityofthefluid,thedead
airishducedintoa slowcirculatorymotioninthedirectionsindicated
by thesmallarrowsinfigure9. Theviscousnd-xingprocesscausesthe .
boundarylayerto thickenas itapproachespointC.

Withthisqualitativepictureoftheflowprocessesinmind,a brief
descriptioncanbe givenastohowthebasepressurearrivesat itssteady–
stateequilibriumvalue.To fixconditionsinmind,supposea jetofair
ispumpedfromthebodyintothedead~irregionandthenissuddenly
stopped.At theinstemtthejetisturnedoff,pointC isfardownstream
of itsequilibriumposition.Dueto thescavengingeffectoftheoutside
flowonthemassofdeadair,someofthisdeadairisremoved,thus
tamingtheangleofturningatthecornertobe increasedandthepressure
ofthedead-irregiontobe decreased.Thelargerangleofturning
increasesthevelocityoutsidetheboundarylayer,whichinturnincreases
thescavengingaction,therebyagainloweringthepressureandstertingthe
cycleoveragain.Thus,petitC movesrapidlyto a positionas closeto
thebaseaspossible.Thereis,however,atleastoneimportsmtfactor
whichpreventspointC fromgoingas fartowardtheb~e asthatpoint
whichwouldroughlyrepresentthelimitingsolutionforinviscidflow.AS
C movestowardthebase,thepressureratioofthetrailingshockwave
increases,makingitmoredifficultforthescavengedairandthelow–
velocityairintheboundarylayerto overcomethepressureriseofthe

.— . . .—. .— ..— — .—-. — -- —.. —
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b

shockwaveandflowdownstream.Theoppositionofthiseffecttotheones
m

mentionedpreviouslywouldserveto establishequilibrium.ThuEitappears
thatthequalitativeeffectofviscosityissuchasto selectandmodify ,
onesolutionfromtheinfinitenwiberthatarepossibleinsa inviscid
flow.

Axially+ymmetricflow.-Sincefi~e 9 representsonlythequalita–
tiveflowcharacteristicsnearthebase,itmaybe thoughtofalsoas
representingthesecharacteristicsforana.xially+yrmmtricflow.Evi-
dentlythesamegeneralreasoningapplieshereaswaEusedinthetwo-
d.imensionalcase.As compsxedtothetwo-dimnsionalcasethereis,
however,an additionalreasonforfurtherspreadingofthestreamlinesin
thebounhrylayerasthetrailingshockwaveisapproached.Sincethe
meanradiusofa stresmtubeintheboundarylayerconttiuallydecreasesa’
thetrailingshockwaveisapproached,additionalspreadingisbrought
aboutinorderto keeptheaunularcross~ectionalareaofthestreamtubes
approximatelyconstant. -

BasisforCorrelationofExperimentalData I

Assumptions.- If it isassu&dthattheflowseparatesfromthe
cornerofthebaseandnotfroma positionfartherupstream,thenfora 4
giventyp of~layer flowtheprticipalvariablesoftheproblem
are ~j Pl~Pl~UU %j h> ~ PJ as illustratedinfigure9. Thebase
thicknessh wouldbe thetrai~dge thiclmessh thecaseoftwo- ●

dimensionalflow,endwouldbe thebasediameterinthecaseofaxially–
symmetricflow. It isassumedthatonlytheconditionsimmediately
upstreamofthebaseaffectthebasepressme. Hence,thebasepressure
coefficient~ t referredto conditionsjustupstreamofthebasedepends
onlyonthecorrespondingdimensionlessvariables,1 sad~ bewrittenas

(1)

Althoughsucha relationmaybe of somehelpincorrelatingexpnd.mental
measureuemts,theappearanceoftheangleofboat-tailing~ makes
furtheranalysisverydifficult.Accordingly,onlyprofile.shapeswithout
boat-tailing(~= O) areconsidered.

Oneconsequenceoftheaboveequationisthata commonbasisforcom-
parisoncaneasilybe mde fordifferentprofileshapes,becauseat super- ,
son.tcvelocitiesthedifferencebetweenMl @ M& andbetween
lIfdesired,thedimensionlessvariable~/p= couldbe usedinplaceof
~’. Thevariable~b~ hasbeenchosenforthepresentinvestigation

*

sinceit isproportionaltothebasedrag;whereasI#p= isnot.

. -— ——.— —
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PI and Pm ispracticallyindependentoftheviscosityofthefluidand
dependentonlyontheprofileshape.Equation(1)alsoimpliesthatthe
effectof increasingthelengthupstreamofthebase L,whileholdingall
otherparametersconstant,willbe thesamequalitativelyastheeffectof
decreasingtheReynoldsnumberoftheflow,sincebothoftheseeffects
increasetheboundery-1.ayerthickness.Itcanhe foreseen,therefore,that
theratio L/h endtheReynoldsnunber(basedonthelengthL) cmbine
intoa singleparameterwhichdependsonlyonthetypeofboundary-layer
flow. ThelengthL wouldbetheairfoilchordforthecaseoftwo-
dimensionalflow,andthebodylengthfortticaseofaxiall~ymmtric
flow.

Iftheboundary-layerflowislaminar,thenfromdimensionalanalysis
andtheclassicalconsiderationsofthetermsinvolvedintheboundary–
layerequations,itfollowsthat

5=Ju.—= f (~ profileshape)
V&

Rewritingthisequation,

5= L/h C2 L—=
h u~f (% ProffleShELPS)=—.

F
@h

v.- m

where C2 isa functionoftheMachnuuiberandprofileshape,butinde-
pendentofviscosity.Fora givenL/h, variationsinprofileshape
affecttheboundary-layerthicknessprincipallythroughtheactionofthe
pressuregradientssetupby theparticularprofilecontour.As a first
approximationtheeffectsofvariationsinpressuredistributiononthe
thicknessoftheboundarylayerjustaheadofthe”basewillbe neglected,
sincetheseeffectsshouldbe smallcomparedtotheeffectsofReynolds
numberand L/h ratio.Withinthelimitsofthissimplificationtheabove
eqmtionisapplicableto anyprofileshapeorlength.Henceincorrelat–,
ingthedataforlandnarboundary-layerflowtheparameterL/(h&) is
usedintheabsenceofdirectmeasurementsof bl/h.

Inthecaseofturbulentflowa similsxparametercanbe obtained.
By approximatingtheturbulentboundary-layerprofilewitha l/7-power
law,theratio 5=/h forlow+peedflowturnsouttobe inverselypro-
portionalto thel/~poweroftheReynoldsnuniber.(Forexample,see
reference8.) usingthisres~t,theappropriateparameterincorrelating
base-pessuredataforturbulentbo~layer flowwo~dbe L/[h(Re)l/s].

Thequantitydeterndnedbyexperimentalmeasurenmntsisthecoeffi-
cient~ ratherthan ~T. ‘Consequently,beforeit isascertained
whetherequation(1)correlates”theavailableexperimmtaldata,therela-
tionbetween~~ and Pb “~St be developed.

— .— ,..—-—-— . ——.-———.. —...
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Relationbetween~‘ aridh .– As waspointedoutearlier,thecon-
ditionsaheadofthebase(M= and pl)differconsiderablyfromfree-
streamconditionsinanaxially+y!mnetricflow,butdonotdifferby an
appreciableamountina two-dimensionalflowovera profilewithoutbcat-
tdiling.By allowingforthisdifference,tieCoefficientpb’ m be .
expressedintermsofthemorefamiliarcoefficientpb and.thepressure
distributionontheprofileby a singleequationapplicabletobotht~es
offlow.By definition,

where

p==?

m

TheratiO qllq~ canbewrittenas

(2)

(3)

~ thisandsubsequentequations,powershigher

Au U1-um
suchas ~s~ sxesmll incomparisonto

m m

thanthefirstofquantities

unity,andaretherefore

neglected.~ equation(3), PO ~ Pot representthestagnationdensi-
tiescorrespondingto conditionsinthefreestreamandto conditionsjust
eheadofthebase,respectively.DesignatingLM= Ml-Mm smdagaincon-
sideringonlyfirst-orderterms,itfollowsthat .

P= PotPo

()

1+~ M=2 –

‘“ k-:)
u A4&—— .= =1– (4)

PotP. Pm ~+y–l ~+7–1
~ Mm2 ~%2 ‘o

.

.

i

.

—. —
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where Apo isthelossintotalpressureonpassingthroughthenose
shockwave,andmayoftenbe neglected.Fromtheener~ equation

or,using ~ = Y@(7–1) ~ M = U/@

.
m

,[( )]

~+7+M2

(7-l;K’ 1- ~+A ~:2 “ =
AM—=

Um ~+~ 2
2 %( 2%

)

hencetheconibinationofequations(3),(4),and(5)gives

(5)

(6)

Thepressurecoefficient~1 isrelatedto AM sud Apo by

2 APO
=— ———

(
Mm l+~Mm2

)

7Mma P. (7)

Substitutionofequation(7)intoequation(6)yieldstherelation

Equation(2)for ~ intermsof ~r andthepressuredistributionis
then

,

--. -.— ----—- -————. .——-. ——.-. —._ –——,. .—..— --—--- ———



whereboth ~ and P= areusuallysmillcomparedtounity.

m two-dimnsional.flow PI isvirtuallyzeroforprofileswithout
boat-tailing(providedtheprofileisslenderandtheI&ohnuiberisnot
toohigh),butinan axi-ynmmtric flowunderthesam conditionsit
isnot. Foredzremebodyshapes,such~ a conicalaosedprojectilewith
veryshortcylindricalafterbody,theterm P1 csnrepresenta subst-
tialportionofthebasedrag.Moreowr,fortheserelatiwlyshort
bodiesofrevolutionthereisa considerablepressurevariationoutward
alongtheMachlinesissuingfromthecornerofthebase,andhencesome
approximatemthod ofdeterminingP1 mst be formul@edwhichallows
forthisvariation.

Themthod usedheretito estimateP1 isbasedonthefollowing
considerations:To fixideas,itwillsufficeto considera bodysuchas
is sketchedinfigure8. ThedottedlinesinthissketchrepresentMach
lines.Forpresentpurposestheselineswillbe thoughtofas small
pressurewaves;thosewithpositivetangents(e.g.,M)?)beingmembersof
theso-calledfirstfamily,andthosewithnegativetangents(e.g.,DtA)
beingmmbersoftheso-calledsecondfamily.Smallpressurewavesissu-
ingfromthebodycanaffectthebasepressurein severalways. For
example,wavesofthefirstfamilystartingbetweenD smd E (fig.8)
reflectfromthenoseshockwavebetweenD~ smd Et, andthenbecome
mmibersofthesecondfamilybetweenD‘A and E‘G. Theselatterwaves -
directlyinteractwiththedead~irregio~.Otherpres~urewavesofthe
firstfamily,suchastheonestarting~om F, affectthebasepressure
indirectlythroughan interactioneffectonthesecondfamilyofwaves
betweenDrA and E‘G. (Itisassumedthatwavesofthesecondfamily
lyingbeyondEfG donotaffectthebasepressure.’)Theneteffectof
profileshapeonbasepressureofa finitebody,therefore,willl.be dete~
minedappro~tely by theaveragestrengthofthesecoridfamilyof
pressurewavesaatheymeetthedead~r regionbehindthebase. Ifa
hypotheticalcylindricalafterbodyofdiameterh wereaddedtothebase,
thenthissecondfamilyofpressurewaveswouldcausethepressureand
Machntier alongthe@otheticalextendedafterbodyto differfromthe
correspondingfree-streamconditions.Thisdifferencewouldbe a masure
ofthecoefficientP1 andoftheeffectofprofileshapeonbase
pressure.Thus, P1 maybe thoughtof ~ a correctionto ~ forthe
effectsofprofileshape,andcanbe determinedapproximatelyby the
averagepressurecoefficientalonga hypotheticalcylindricalafterbody
extendinga lengthofabouttwodiametersdownstreamofthebase(the
approximatelengthofdead-airregion). SinceP1 issmallcomparedto
@, suchapproximatemethodsofevaluatingitshouldsuffice.Forsim-
plicitytnthepresentinvesti~tion,P1 isarbitrarilyevaluatedfrom
thepressurecoefficientonthehypotheticalextendedafterbodyata
distanceofonediamkerfromthebase,ratherthanby evaluatingitwith
somkmorecom@icatedaveragingprocess.

.
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ExperimentalDati,forTw&OimmsimalFlow

17

At presenttheavailableexperimentalresultsonbasepressureintwo-
dimensionalflowareratherlimited,buttheyaresufficientto providea
qualitativecheckononeparticularresultoftheinviscid-flowca3.cula–
tions;thisresultconcernstheessentialdifference,as indicatedby the
inviscid-flowcalculations,betweenthebasepressureintwo-dimensional
flowandinaxially--tric flow. Theabsolutemagnitudeofthebase
pressurecoefficientfortwo-dimensionalinviscidflowata givenMach
ntier isrepresentedby thelimitoftheaxially~ymmetricvalueas d/h
approachesunityinfigure7. ForlowandmoderatesupaxonicMach
numbersthislimitingvalueisseveraltimesthevalueforaxiaUy–
s-tric flow,which,aswillbe seenlater,isrepresentedinfigure7
by a d/h ratiosomewherebetween0.5and0.8. ForhighsupersonicMach
nunbersthedifferencebetweenthetwoty_pesofflow,accordingto
figure7, issmll. Theseconsiderationswhichindicatethat,exceptat“
highsupersonicMachnunbers,a pronounceddifferenceshouldexistbetween
thebasepressureintwo-dimensional@ axially-ymmtricflow,arein
agreementwithexistingdata. Inreference9, thewind-tunnelmasur~
rentsfortwo-dbensionalflowovera wedgeairfoilata &h numberof
1.4andal?eynoldsnumberof0.6millionindicatea &lue of-0.41forthe
basepressurecoefficient.
symetricflowatthesam
catevaluesaround-0.20.
withtheconclusionsdrawn
figure7.

Measurementspresentedlaterforaxially–
MachnmiberandReynoldsnunber,however,indi–
Thislargedifferenceis inaccordqualitatively
fromconsiderationsbasedonthecurvesof

In ordertomakea preliminaryevaluationofttiRemoldsruiber
effectonbasepressureintwo-dimmsionalflow,scmemeasurementshave
beenmadeona constant-chordwingoffinitespanhavinga thicktrailing
edge.2BecausetheanbientairnearthewingtipscanflowlateraUy
aroundthetipandtitothelow-pressureregionbehindthebase,thedata
cannotbe consideredas strictlyrepresentingtwo-dimensionalflow.
I?evertheless,theratioof spantobasethicbess(@) wassufficiently
&@ onthewingewlopd sothattipeffectsshouldnotaffectconcl~
sionsconcerningthequalitativeinfluenceofReynoldsnumberonbase
pressureintwo-dimmsionalflow. Theresultscfbase-pressuremeasur-
ementstakenata I&chnunberof 2.0areshowninfigure10(a).It is
apparentthatthebasedragincreasesconsiderablyastheReynoldsnumber
increases.Sincethesurfacesofthewingsweresmooth,andthehighest
Reynoldsnuniberattainedwas1.8million,thedataarerepresentativeof
thecaseoflaminarflowintheboundarylayer.A plotofthesedata
againstthepara?neterL/@@), whichisproportionalto theboundary
layerthiclmess,isshowninfigure10(b).It istobe notedthatinthis

2
ThesedataweretakenintheAmesl–by 3–footsupersonicwindtunnel
No.1 employinga wingofg-inchspanwitha base-pressureorifice
located1 inchoutboardoftheplaneofsymmetry.

.
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formthedaticorrelatefairlywelltoa straightlineintheregion
coveredby thetests.

l!@ertientalDataforAxially_etic Flcni

Fortunately,therearesufficientexperimentaldataavailallefor
axially~ymmetricflowtomakea fairlyextensivecorrelationof ~‘
withtheparametersL/(h&e ) and L/ [h(Re)~/5],whereh isnow
thebasediameter.Moatof thesedatahavebeenobtainedfromtind-tunnel
measurementsonbodiesofrevolutionmountedfromtherearby a cylindrical
support.Accordingly,a knowledgeofthepossitlesupportandwallinter–
ferenceeffectsisnecessaryfora satisfactoryinterpretationof thewind–
tunnel.measurements.Somee~erimentaldataon supportinterferenceand
reflectedbow+aveinterferencearepresentedinAppndixB. Itwill
sufficeforthepresentpurposesto statethatthewind-tunnelmeasure–
mentsweretakenwi~ a supportstingof sufficientunobstructedlength
sothatno interferenceeffectofsupportlengthispresentin thedata.
Likewise,no appreciableinterferenceresultingfromthereflectedbow
waveispresentin thedata.As regardstheeffectsof supportdiameter,
itisknownfroma relativelycmnpletesetof interferencemeamrements
madeby XdwardW. YerkinsofAmesAeronauticalLaboratory,partofwhich
ispresentedlater,thatthe@ta tkkenat M = 1.5 areessentiallyfree
of supportinterference.At thehigherMachnumbers,however,a complete

.

setof support41iameterinterferencemeasurementswasnotmade. Con–
sequently,someeffectmaybepresatinthedatatakenat M = 2.0 and
M= 2.9.

.
Forconsistency,thesedatawhichmaybe affectedtoa small

extentby supporkliameterinterferencehaveleantakenwitha fixedvalue
ofO.4fortheratioofsupportdiametertobasediameter.By Cmparing“
thebase~ressuremeasuredonvariousbodiestestedwiththesamerelative
support&Mneter,theeffectsofbodyshapecan3e deducedif itisassuqed
thatchangesinnoseshapedonotproducesignificantchangesin thesup-
portinterference.Thisisbelievedtobea validassumptionforthebody
andsupportdimensionsused.

Inreducing-theexperimentaldataforcorrelationthemeasurenmnts
aqwfirstexpressedintermsof conditionsjustaheadofthebase. All
bodiesofrevolutionusedintheexperimentalinvestigationsconsistedof
eithera cone-cylinder(10°semiangleofcone)oranogi~ylinder
(lo-caliberogivalradius)combhation.Inorderto determinetheb&iy–
shapecorrection(1’1) thepressuredistributionoversuchcotiinationshas
beencalculatedusingthemethodof characteristics.TWOtypicalpressure
distributio~fora l&chnuniberof2.0areshowninfigure11. Forthe
reasonsexplainedearlier,thecorrection P1 isdeteminedby selecting“
thevalueofthepresswecoefficientexistingonanextensionofthe

1

cylindricalafterbodyat a locationa~roximatelyonediameterdownstream
ofthebase. 5e valuesof PI determinedinthismannerenablethe .
experimentaldatatoh reducedtotheform

%-P=
pb? =

.l+G (lo)

— —— ——— --- — -— — —.— —.
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Thequantityat shouldnot
muiberapproachingthebase.

1$1

dependonthebodyshapefora givenMach
Forallbuta fewexceptionalshayes,such

as a sinrplecone~thoutan afterbody,”thel$achmniberapproachingthe
baseissufficientlycloseto thefree-streamMachnmiberto enablea
directcomparisontobe madebetweenvariouEbodyshapes.Forthese
exceptionalcases,whichrepresentsmallvaluesofthelengt=ameter

apb
ratio,an additionalcorrection~ AM isaddedto therightsideof

equation(10).Sinceeveninan extremecasethis,lattercorrectionisas
smallcomparedto PI, — canbe roughlyestimated

‘b ‘erivatimaM
withoutaffectingthefinalresultsappreciably.h thepresenttests
thiscotiectionwasmadeonlyforthosebodieswitha length-iiameterratio
of4 orless,sticeitamountedto only4 percentofthemeasureddatain
themostextremecaseandwasnegligibleforthebodieswith L/h greater
than4.

Inattemptingto correlatetheavailableexperimentsitwillbe con-
venientto consider,separately,firstthecaseoflandnarflowinthe -
boundarylayer,andthenthecaseofturbulentflow. Theexperiments
representingthecaseoflaminsxboundary-layerflowwereconductedon
bodiesofrevolutionwithpolishedsurfaces,andthoserepresent@gturbu-
lentflowwereconductedonthesamemodelswithartificialroughnessadded
intheformofa nerrowtransitionstrip.(Seereference10,) Although
forsimplicitythedataarereferredto simplyaErepresentingeitherlsmi–
narorturbulentflow,ina fewcasestheactualboundarylayermaybe in
thetransitionstate.It istobe notedthatwithsmoothmodelstransition
(insofaras itaffectsbasepressure)probablybeginsatReynoldsntiers
oftheorderof4 million.Likewise,withroughnessaddedin orderto
obtainturbulentflowtheartificialroughnessmaynotbringaboutcomplete
transitionaheadofthebaseatReynoldsnuniberslessthanaboti2 million.

Laminexboundary-layerflowapproachingbase.– Wind-tunnelmeasure-
mentsofthebasemessureforvariousbodiesofrevolutionata Mach
numiberof1.53are-showninfigure12(a).Thesedata,takenfromrefer-
ence10,includetheeffectofvariationsinReynoldsnumberezuibody
shape.ThelargeeffectofbothReynoldsnumberandbodyshapeisevident.
Sincetheboundary-layerflowislaminsrfor+hesedata,theextentto
whichcorrelationisachievedismosteasilydeterminedby plottingpbf
as a functionof L/(h&e),Figure12(b)show thedataoffigure12(aj
plottedinthisform,fromwhichit isevidentthattheexperimentaldata
correlatereasonablyweldto a singlecurve.Thescatterofthevarious
measurementsaboutthemesnlineisattributedpartlytothefactthatthe
thictiessandvelocityprofileoftheboundarylayerapproachingthebase,
andhencethebasepressure,arenotstrictlya functionoftheReynolds
numbersmdlengt&3iameterratioalone.

Theresultsof somemeasurementsofthebasepressureforvariok
bodieswithlaminsxboundary-layerflowat a Machnumberof 2.0areshown
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infigureis(a).Thesepreviouslyunpublished
Amesl–by s–footsupersonicwindtunnelNo.1
to thetestsat a Wch nuriberof1.53reported
qualitativeeffectsofbodyshapeandReynolds

,
dataweretakeninthe
underconditionssimilar
h reference10. Thesame
numberaswereobsefiedat

a Wch nwiberof1.’53areevidentfromthesedataobtatiedatthehigher
lkchnuniber.Figure13(b)showsthedataoffigure13(a)plottedinthe
formsuitableforcorrelationaccordingtothetheoreticalconsiderations.
Consideringthewidevarietyofbodyshapestested,itcanbe seenthat
thesedataalsocorrelatereasonablywellto a singlestraightline.

Turbulentboundary-layerflowapproachingbase.–Theresultsof
wind-%unnelmeasurementsofbasepressureonbties ofrevolutiona+a
Machnuniberof1.5withturbulentboundary-layerflowapproachingthe
baseareshowninfigure!. Alsoshowninthisfigurearetheresults
offree-flightmeasurementsreportedinreference5. It isevidentfrom
thisfigurethattheeffectofReynoldsnuriberonbasepressureissmall;
whereasfigure12(a)showsthatitislargeinthecaseoflaminex
bounds.ry-lsyerflow. Thisis inqualitativeaccordancewiththeoretical
considerationssince (Re)llsoccursintheequationsforturbulentflow
and (Re)l\a occursforlaminarflow.

Themeasureddataoffigurelk(a)areshowninfigurelb(b)plotted
intheformsuitableforpurposesofcorrelatingexperimentaldata.
Sincethebody-stipecorrection(Pl)is independentofviscouseffects,
thesamecorrectionshavebeenusedforthecaseofturbulentflowas
wereusedforlaminarflow. Itmaybe seenfromfi~e 14(b)thatthe
datacorrelatefairlywellto a straightltieo

Someexperimentaldataforturbulentboundary-1.eprflowata Mach
.nuniberof2.0areshowninfi~e’is(a)and.theplotof ~’ against
L/h(Re)l\~isshowninfigureis(b).Thecurvesinthesefiguresshow
thesamecharacteristicofrelativelyconstsatbasepressureaswasnoted

\ aboveforturbulentboundary-leyerflowata ~ch numberof1.5. Again,
thereisa reasonablygoodcorrelationofthesedata,as isevidentfrom
figureis(b).

FormulationofSemi%n&ricalTheory

Sincetheexperimentaldatacorrelatefairlywellto straightlines
h figureslo(b),12(b),13(b),14(b),,and15(b),a s@le se~-empirical.
theoryforprofileshapeswithoutboat-tailingcaneasilybe formulated
whichisinaccordancewiththemeasureddata. In sodohg therearetwo
principalassumptionsthataremade: $

1.Thebasepressurecoefficient~~ dependsonlyonthetypeof
boundary-layerflow,theMachnuuiberMl,endthedimensionless%ound.ary-
layerthickness5=/h whichexistsjustupstreamofthebase.

.
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2.At a givenMach
effectsofviscosity,is
thickness51/h. .

? a

mniberthedifference(R* – ~?), duetothe
proportionaltothedimensionlessboundary-layer

It isclearthattheequationswhichresultfromthesetwoassumptionsare
inagreementwiththebase-pressuremeasurementspresented.h viewof
assumption(2)andequation(9) relatingPb~ to 1$, theequationsfor.
thebasepressurecoefficientare

(~.q*1.
.

, forlaminarboundary-layerflow,

(
~.~* 1.

‘2 L
)

—- (l+e)+P~ ~
&h

forturbulentboundary-layerflow. It isto

(u)

(1++) -tP= (12)

henotedthatfora given
. typeofboundary-layerflowthesesemi-empiricalequationsprovideno

informatimas tothedepndenceof %* and k2 (or k+)onMachnumber.
Insofaras thesemi+mpiricalanalysisisconcernedthesequantitiesare
tobe evaluatedby expertients,andwithinthislimitationtheabove
equationcanbe saidto satisfactorilycorrelatitheexperimentaldata~
Towhatextenttheseequationswillsati~actorilycorrelatedatafor
conditionsexistingat veryhighMachandReynoldsnumbers
thatcanonlybe answeredby futureexperimentalresults.

As regsrdstienumericalvaluesof %*, kz,endkt,
sionscsabe drawnfromtheexistingdata.Fromtheslope
figures12(b)andls(b) theapproximatevalueof kl at a

isa question

‘certainconcl~
ofthelinesin
Machnuuherof

1.53 is44,andat 2.0it is66. Thus,thesedata~icate a dependence
of kz onMachnUber. It isinterestingthatforturbule~tboundary-
layerflowtheslopeofthecurvesinfigureslk(b)and15(b)iss- and
hence kt couldbe neglectedwithoutseriouslossofaccuracy,at least
forther-e coveredby~thepresenttests.

ComparisonofExperimentalResultsWith
theInviscid410wCalculations

SincethequantityR* is hxlependentoftheReynoldsnumber,some
correlation(possiblyonlyqualitative) mightbe expectedbetweenthe
exper~ntalvaluesof ~* andtheinviscid~lowcalculations,provided
allowanceismadeforthedisplacementeffectofthewakenearthetrailing
shockwave. AS longasthewakethicknessiswelldeftied(reasonably
steadywake) a simpleandplausiblemethodofestimating%* wouldbe to

—_____——....—..—.-——.—.— ..-.— :.—.. —— -—---——-—
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evaluatethekse yressurecoefficientformsximumdragb an tiviscid
flowwhereinanequivalentsolidobjectreplacedthewake. Suchan object
wouldhaveno effectin tiviscidtwc-dimensionalflowbutwouldhavea
pronouncedeffecttisd~-tric flow. If inaxisll~ymetricflow
a rodofdiameterd isconsideredtoreplacethewakeofdiamter t,
theresultingmaximumdragh tiviscidflowwouldbethesameas calculated
inpartI wherethecorrespondjngbesepressurecoefficientwasdesignated
by ai. (Seefig.7.) Thusanestimateforthevariationof ~* with
Michnumberinaxi~ymmetric flowwouldbe

Eul.dintwo-dimensional

Inmakinga coqmrison

flowitwouldbe

withexperiments

. (13)

(14)

wheretheReynoldsnuniberisessem -
tiallyconstant,thisrelationistantamountto @l& proportionality
between~ ~ mi. Sincea fluctuathgwakepre&&bly cannotbe -
replacedby a rodwithoutessentiallyelteringtheflowconditionsneerthe
base,theaboveequationscsmnotbe expectedundersuchconditionstofield

●

~~ moretbthe rightorderofmagnitude.

Someinformationonthethicknessendsteadtiessofthewakehasbeen
.

obtahedfroman examinationofnumerousspark@otographstakenofprojec-
tilesh freeflights”~ical sparkphotographssre“showninfigure16,
andtheresultsofmeasuringthewakethiclmessona largenuniberofsimi–
larphotographsareshowninfigure17. Figure16(a)representsthecase
oflaminqrflowintheboundarylayerata free+treamMachnumberof1.73.
Undertheseconditionsthewakethicknessappearstobe reasonablywell
defined,althoughthetrailingshockwaveisnotwelldefinednearthewake.
Figures16(b)sad16(c)indicatethatforturbulentboundary-layerflowon
bodiesofrevolutionthetrailingshockwaveandthewakearenotvery
steadyatMachnuuibersbelowabout2. ThusAitisnotsurprisingthat,as
willbe seenlaxer,equation(13)isinpoorageementwithmeasurements
forturbulentboundary-layerflowatMachntiers”belowabout2. At higher
Machnumbersthetrailingshockwaveandthewakebecomemoreclearly
defined(figs.16(d)and16(e)),buttlmaccuracyofequation(13)in-this
regioncsmnotasyetbe testedbecauseof insufficientexperimentaldata.

A comparisonbetweeninviscid-flowcalculationsemdexperimentalvalues
of Pb* ismoredirectforairfoilsthanforbodiesofrevolutionsincethe ‘

%t’heseshadow~aphsweremadeavatiblethroughthecourtesyofthe
BallisticReseerchLaboratories,Aberdeen,Md.

,
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wakethichesspresumablyneednotbe accountedforintwo-dimensional
flow. Thevalueof %* asdeterminedfromthefinit~panwingdatain
figure10(b)is+~30. Thisisfairlycloseto thelimitingpressure
coefficient(fii)fortwo-dimensionalflow,whichis-0.33fora Mach
numberof 2.0. (Seefig.4.) Definiteconclusionsasto thesignificance
ofthisa~eement,however,willhaveto awaittheresultsofnwisurements
onairfoilsatotherMachnumbers,andonairfoilswithturbulentflowin
theboundarylayer.

ForlaminarflowonbodiesofrevolutionatMachnunibersof1.5aud
2.0,thewakethickness(t/h)fromfigure17 is0.55and0.49,respectively.
Fromfigure7,thecorrespondingvaluesof hi are-0.25and-0.2g,
respectively.On theotherhad, thevaluesof ~* determinedfromthe
interceptsoftheextrapolatedlinesinfiguresI-2(b)and13(b)are-.24
and-O.20,respectively.Hence,althoughtheinviscid-flowcalculations
= pro~dea reumble approximationfortwo-dimensionalflownear
M= 2.0,andforaxially+ynmetricflownearM = 1.5, thereisa serious
discrepemcywiththeexperimentalresultsforaxiallyaymmetricflowat
M= 2.0. Thislargediscrepancyindicatesthatthesimplerelationgiven
by equation(13)whichattemptsto connect%* withtheinviscidcalcula-
tionsisnotalwaysa satisfactoryapproximation.Thegoodagreement
obtainedintwoofthethreecasesmaybe entirelyfortuitous.Additional
experimentsareneededto clarifythispoint.

Thefactthattheinviscid<lowcalculationswee qualitatively,
thoughnotquantitatively,withexperimentalresultscanbe.se~nbya com-
parisonwithmeasurementsofthebasepressureatvariousMachntiersbut
withsn essentiallyconstantReynoldsnumber.Figure18showssomeexperi–
mentalfre-flightdataofreference5 togetherwiththecorresponding
wind-tunneldataofthepresentinvestigation.4 Theseexperimentaldata
areforturbulentflowintheboundarylayer.b thisfiguretheordinate
ofthecurvelabeled“equation(13)’1isproportionalto thevalueofthe
limitingpressurecoefficienthi determinedat eachkkchnumberinthe
mannerindicatedby equation(13).It isapparentthatthecurvebasedon
thecalculationsof hi fortiviscidflowgivestherightorderofmagni–
tudeforthebasepressurecoefficient,butdoesnotgivegoodquantitative
ageement.As an incidentalpoint,itmaybe notedthat thewind-tunnel
andfree-flightmeasurementsshown-inthisfigureagree
Machnunibers.

VariationofBasePressureWithReynolds
NumberforNaturalTransition“

qtitewell.atall

Sincethebasepressureisdifferentforlaminarandturbulent
boundary-layerflowapproachingthebase,itisofinterestto examine
41nseveralcaseswind-tunnelmeasurementsweremadeInmorethanone
facility.Forexample,&e threee~erimentalpointsinfigure18
representingthewind-tunneldataatMachnumbersnear1.5represent
measurementswiththreedifferentnozzles.

.——... —-. —.--.————. ..— —————.... . . ——. —....— ———.—~ -— —.. —
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theresultsofmeasurementsintheintermediaterangeofReynoldsnumber
wherethetransition‘point”movesfroma positiondownstreamofthebase
to a positionupstreamofthebase. Figure19 showstheresultsof some
bas-~essuremeasurewntsat a lhchnurberof2.0ona bodyofrevolution
intheReynoldsnuniberramgefromO.4millionto 10million.At Reynolds
?nuibersbelowabout2 million,wherethebo~layer flowislaminar,
thebasepressurecoefficientdependsto a greatextentontheReynolds
number,aswasnotedearlier.IntheReynoldsnumberrangefrom4 to
6 million,wherethetransitionpointmovesaheadofthebase,thebase
pressureagainissensitiveto chsmgesintheReynoldsnuniber(andpre
sumablyalsoto otherfactorsaffectingtransitionsuchas surface
roughness,fre~treamturbulence,andrateofheattrsasfer).At the
higherReynoldsnumberswherea turbulentboundarylayerexistsforsome ‘
distanceaheadofthebase,thebasepressureisnotsensitiveto changes
intheReyaoldsnumber. .

I&cmtheviewpointofreliablyex&a201atingsmall-talemeasurements,
itisencouragingthatthebasepreesurecoefficientforturbulentboundary–
layerflowisnotsensitivetochangesh theReynoldsnumber.At a Jkch
numberof2.0thisinsensitivityisevidentfroma comparisonofthetits
forthemodelwithan L/h of5 h figures15(a)and19. At a Reynolds
numberof2 x 106,whereturbulentflowisattainedonthemodelsby using
artificialroughness,thebaeepressurecoefficientdoesnotdifferby
morethan3 or4 percentfromthevalueata Reynoldsnumberof1 x 107,

*

whereturbulentflowisattainedwithoutsuchanartifice.At a Machnum-
berof1.5 themeasurementsindicatethissamecharacteristic,as canbe
seenfromtheda% giveninfigure20. Thesedataat thesomewhatlower
Machntier donotshowanyappreciabledependenceonReynoldsnumber
withintherangefran2 x 108to1.6 x 107. Itis interestingthatthe
free–flightdataofHillandAlpher(reference11)alsoshowno significant
effectofReynoldsnumberwithintherangefrom2 x 107to1 x 10S. These
latterdata,however,givea widelydifferentvalueforthebasepressure.
It isevidentfrcmfigure20 thatthebaseyressuresmeasuredinrefeb
ence11differfromthevaluesofreference5 andthepresentwind-tunnel
testsbecauseof some,factorotherthandifferencesinReynoldsnumber. ,
Thepossibleeffectsof supportinterferenceinthe~resentwind-tunnel
testswouldnotapljeartocontributeanyappreciableamountto thisdis-
crepancyfortworeasons.First,goodagreementis obtainedatallMach
numbersbetweenthepresentwind-tunneltestsandthefree~lightfirings
ofreference5; andsecond,themeasurementsof supportinterferenceas
describedinAppen~xB hiicatethatforthesupportdimensionsused
(d/h=O.25 and d/h= 0.40 infig.20)theseeffects’arean orderof
magnitudesmallerthantheobserveddiscrepancies.Sincethemodelsof
reference11wereequippedwithtailfinsof sufficientsizesothattheir ,
presenceatmoderatesupersonicMachnumbersmightbe expectedto lower
considerablythepressureapproachingthebase(algebraicallylowerthe
effectivePi),itwouldappearthattheobserveddiscrepancyisattribu- ,
tabletotheeffectoftailfinsonbasepressure.
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CONCLUDllTGREMARKE

.

Thesimplestapproachto an analysisofbasepressureforsupersonic
flowisthatof consideringtheflowof an inviscidfluid.Althoughsuch
anapproachhasproducedmanyusefultheorieswhenappliedto otheraero-
=c problems,itproducesresultsofverylimitedvaluewhenapplied
to thepresentproblem.Theinviscid-fluidtheoryindicatesthattheonly
possiblebasepressurefora bodyofrevolutiontithouta rodattachedto
thebaseisthefree-streamstaticpressure.Moreover,thissimpletheory
alsoindicatesthatfortwodimensionalflows,aswellas axially-symmtric
flowswitha rodattachedto thebase,therearean infinitenuniberof
~ossiblesolutionsfora givenbodyshapeandWch nu?iber.

Thefirstoftheabove-mntionedshortcomingsof inviscidtheorycan
be remediedby allow@ qualitativelyfortheexistenceofa wake,since
by sodoingthehi~elocity streadinesaredispkcedfromtheaxisof
syrmnetryanda basedragotherthanzerocaube obtained.m second
shortcoming,ofhavingan infinitenumberofpossiblesoltiionsfromwhich
to choose,isnoteasilyremedied.Inparticular,thecomparisonbetween
theinvikcid-flowcalculationsandexperimenthasshownthatifthelim-
itingflowpattern(maximnmdragpossible) at eachMachnumberissingled
outfromtheinfinityofpossibleinviscid-flowsolutions,thenthec-
acteristicsofbasepressureobservedthusfsxcanbe explained,butonly
qualitatively.Thus,theexperimentalfindingthatan increaseb support
diameterbehinda bodyofrevolutioncanconsiderablydecreasethebase
pressureisexplainedby an interpretationofthebehaviorinan inviscid–
fluidflow.Also,theexperimentalresultofa muchlowerbasepressureh
two-dimensional,flow(atmoderatesupersonicMachn@ers) thanm axi- .
symnetricflowissatisfactorilyexplainedby theinviscid~lowcalcula-
tions.As regardsquantitativeresults,though,thecalculaticmsbased
onthe~drag possibleh inviscidflowdonotagreewiththe
observedeffectsforturbulentboundary-layerflow,andagreeonlyin
certaincaseswiththeobservedeffectsforlaminarboundary-layerflow.

~ an attemptto fornmlatea moreaccurateqtititativeanalysisa
semi-empiricaltheoryhasbeendeveloped.Theavailablee~erimental
datacorrelatereasonablywellto straightlineswhenthebasepressure
coefficient,correctedfortheeffectsofbodyshape,isplottedas a
functionofa parameterwhichisapproximatelyproportionaltothe
boundary-layerthiclmess.As a resultofthiscorrelationseveralgen-
eralconclusionscm be drawn.Onesuchconclusionisthatthevariation
ofbasepressurewithReynoldsnunberissmallathighReynoldsnunbers
wheretheboundarylayerapproachingtheba~eisturbulent,butislarge
atlowReynolds~.uniberswheretheboundarylayerislaminar.Another
conclusionisthattheeffects~ bodyshapeme Wlependentofthety-pe
ofboundary-layerflow,andcqnbe adequatelyexplainedonthebasisof
inviscidcalculatias.

.
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Inorderto developa thoroughunderstsadhgofthebehaviorofbase
pressureh supersonicflow,furtherexperimentalandtheoreticalimes–
tigationsarerequired.At present,e~erinmntalresultsareespecially
neededasregardsthebasepressureintwtiimensionalflow,evenat low
supersonic&ch numibers.5e effectoftailfinsonbodiesofrevolution
appearstobe relativelyWge, andhenceshouldbe investigatedtho~
oughly.ExperimentsconductedathighsupersonicMch nunbersarealso ‘
needed,bothfortwo-dimensional

AmesAeronauticalLaboratory,
NationalAdvisoryCommittee

MoffettField,Calif.,

.

—-.——

flowandforaxially-ymetricflow.

forAeronautics,
May11,1950.
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AYPENDIXA .

FLOWSCONVERGINGTOWARDTEEAXL5

27

Theratheranomalousresultobtahedwhenapplyingthemethodof
chsracteristlcstobas~es sureflowscanbe clarifiedby e~
thebasicequationsofmotionQ whichthemthd ofcharacteristicsis
based.Theclifferentialequationforthevelocitypotentialq ofan
inviscidaxially~tric compressibleflowis (seereference6, for
example)

(Al)

where a isthelocalvelocityof sound,x isthecoordinatemeasured
parallelto thedirectionoftheundisturbedstream,and r istheradial
coordinate.If a trmsformationismadeto a newsystem(~,q) of cur–
vilineercoordinates,where ~ and q aredistancesmeasuredalongthe
twoMachlinesisdng froma point,thentheequationofmotionforthe
velocitypotentialbecomessimply(thedetailsofthealgebrainvolvedin
makingthistransformationmaybe foundinreference6),

(A2)

where a isthelocalMachangle.It istobe notedthatthenewvaria–
bleshavethesimplephysicelsignificsmcethatlinesof constant~
and q aretheMachlhes oftheflow. Thederivativeofthevelocity
potentialinanygivendirectionistheprojectionofthevelocityvector
sllongthatdirection,andtheorderofclifferentiationinequation(A2)
canbe interchanged

and

b
Tr=v=W sine

where w isthevelocityvectorinclinedat anangle e
theaxis. It followsfromequation(A2) thatalongMach

dp = Sinza V dq dq = Sinza—Vq
r r

(A3)

withrespectto
lines

(A4)

.
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Thus, dp istheincrementintheprojectionofthevelocityvector
alongthe ~ directionwhenpassinga distsnced~ inthephysical
planealongthe q direction,and dq istheincremntinthepro-
jectionofthevelocityvectorinthe q directionwhenpassinga dis-
tsnce d~ alongthe ~ direction.Equations(Ah)erethefundamental
equationsusedinthestepby-stepconstructionofa supersonicflowby
Sauer1s orFrankltsmthod of characteristics.

Thereasonsforthesingularbehaviorastheflowapproachesthe
axisof symmetrycannowbe explainedwiththehelpofequations(A4).
Supposea seriesof stepswerelaidoffinthephysicalplaneinthe
mannerindicatedby thesketchsh~ ti.fiwe 21(a).~ - ~cre-
m?nts(d~ and dq) alongtheMachltiesarelaidoffsuchthattheyare
alwayssmallcomparedtothedistancefromtheaxis r andalsosuch
thatforallstepsd~/r and dq/r arealwaysverynearlyequalto a
constant,sayc. It istobe notedthatif sucha flowconvergingto
theaxisispossible,thentherewouldbe an infinitenumberof such
stepsalongthestreaml~AB h figme 21(a).

Nowconsidertheincrementsh thehodographplanecorrespend@ to
thoselaidoffinthephysicalplane(fig.21(a)).Figure21(b)mUS-
tratestheway,accordingto equations(Xl)end(A4),inwhichtheticre-
mentsmustbe laidoffinthevelocityplane.PointshavingtheSeine
nunberinfigmes21(a)and21(b)representthesamepointh theflow.
LetthesmallestaverageMachanglealongthestepsinthephysicalplane
be ~, andthemmilllestvertical.-elocitycomponentbe Vm thenfor
W stepsalongAB

Thismeansthatevery
constantvalue.This

ldpI> IVmC Si112~ I= constant

]dq]> IvmC sin’~ f= constant

incrementinthehodographplaneisgreaterthana
valuecannotbe zerouulesspoints1 and3 are

identical,whichwouldrepresenttheexceptionalc~seofa “reversed”
conicalflow. OnpassingtiompointA topointB thereare,however,an
infinitenuriberof suchticrements.Theymustbe laidoutalongthearc
ofa circleinthehodographplanesticeAB isa streamlineofconstant
pressure.Hence,beforereachingpointB theInclinationengleofthe
velocityvectormustbe greaterthan46°(approximatemaximumdeflection
anglethrougha s-e shockwavefor 7 = 1.4).Becausethissituation
obviouslypreventsa shockwavefrombeingfittedintotheflow,there
resultsa contradictiontotheassumptionthatthe over-allflowis
possible.It appears,therefore,thattheseflowsarenotalwayspossi–
ble.

.
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Theprecedingdiscussion,thoughnota mathematicallyrigorousexpo-
sition,pointsoutthereasonwhytheinclinationanglef3 ofa free
streamlinecanincreaseat anexcessiverateasthesxisisapproached.
Thesourceofthetroubleisinherentlyassociatedwiththelasttermin
theequationofmotion(Al),sticeithas r inthedenominatoranda“
nonvanlshingfactorinthenumerator.Theappearanceof r inthedenon+
inatorofthisequationstemsentirelyfromtheconttiuityequation.This
leadsto a qualitativeexplanationoftheobservedbehaviorneartheaxis
oftheinviscidflows.Considerthechangesthatmustoccurongoingfrom
point1 to point3 tithephysicalplane(fig.21(a)).Iftheflawwere
twtiimensional,thenthefreestreamlinewouldbestraightand 191would
equales, therebypreservingthecross-sectionalareabetweentwoadja–
centstreamlinesonpassingfrom1 to 3. Theterminvolvingl/r does
notoccurforplaneflowandno difficultiesarise.Intheaxially–
symmetriccase,thefundamentalconditionisagainthatthecross-sectional
areaofm annularstreamtubemustbe preserved,sinceW1 ikequalto w~.
TMs meansthatforpurelygeometricreasonsthestreamlinesboundimgthe
annularstreanrtubemustspreadapartastheaxisisapproached.In order
tohavethepressureatpoint3 equalto thatatpetit1,thefreestream-
linecurvestowardtheaxis,permittingtheboundingstreamlinesto spread,
therebyallowingthecontinuityequationtobe satisfied.Becauseofthe
l/r terminthecontinuityequation,thecurvaturerapidlyincreasesas
theaxisisapproached.Hence,beforethemis isreached,theinclination
ofthefreestreamlineexceedsthelargestvaluewhichanyobliqueshock
wavecanpossiblyovercome.

-. .—. ..—. .- __.—.—-— -----—- .-. —-—--
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AI’PEI@IXB
.

Whena bodyofrevolutionistestedina windtuunelitisusually
supportedfromtherearby a cylhikricalrod. As a resultthe~measured
valuesofbasepressuremaybe corisiderablyaffected,foronething,by
thepresenceofthesupport.Supportinterferenceonbasepressweisa
complicatedfunction-ofthediameterof supportrod,theunobstrutted
lengthof supportrod,theMachnumiber,andtheReynoldsnumber.If)as
isthecasefortheexperimentsreferredGoherein,thesupportlengthis
muchgreaterthamthebasediameter,thentheonlyappreciableinterfer-
encemustarisefromthe“diametereffect”oftherod. Fromtheoretical.
considerationscertaininferencescanbe drawnregardingtheresulting
support-diameterinterferenceonbasepressure.

Fora fixedMach
diameterbringsabout
isincreased,thereby
exist.(Seefig.7,)
portdiameteristhat

andReynoldsnumber,an hcreaseinthesupport
twodifferenteffects.First,thewakethiclmess
makingitpossibleforlowerbasepressuresto
A secondeffectresultingfroman increasein sup-
theappropriatedimensionlessboundary-layerthick-

&ss &/(h+) isincreased,therebytendimgto increasethebasepres-
sure.Thetwoeffects,therefore,opposeeachother.Forvaluesof
d/h nearunitythesecondeffectmustpredmdnate;whereasforsmall
valuesof d/h theftisteffectwould(onthebasisoffig.7)be expected
topredominateespecial@atlowsupersonicMachnmibers.

Beforecomparingthesetheoreticalconsiderationswithexperimental
measurementsoftheeffectofvariationsi.nd/h, itwillbe advantageous
tofirstconsidertheeffectsofhavingonlyafinitelengthofunob-
structedsupportrd. To examinethiseffect,base=pressuremeasurements
havebeentakenwitha constantvalueof d/h, butwithvariouslengths
ofunobstructedsupport.In theseexperimentsthemaielwaslocatedata
fixedpositioninthetestsectionsoas to eliminatepossibleeffectsof ,
axialpressuregadientsalongthetestsection.Theresultsfrom
M = 2.0and2.9areillustratedby thecurvesinfigure22,whichshow,
for d/h=O.3, no,changeinbasepressureifthesupportlengthis
greaterthanabout3 basediameters.Sincesupportlengthsofoverhbmiy
diametershavebeenusedinallsubsequenttests~itisconcl~~ @t -
interferenceinthewind-tunnelmeasurementsofbasepressureat M = 2.0
and2.9 isnotattributableto effectsofsupportle?@h.

Theresultsofba~e~ressuremeasurementsformrious,supportdi.sm-
eterswithlaminarbouadary-layerflowareshowninfigure23(a).The
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datafora Machnumlerof1.5(whichweretakenhyEdwardW. PerkLnsin
1946)showtheexpectedincrease,andtheneventualdecreasetibasedrag
as thesup~ortdiameter-isprogressivelyincreased.At a Machnumberof
2.9thedatashowa monotonicdecreaseinbasedragas thesuyportdiameter
isincreased.&hlierenphotographsshowthatthewakethicknesst/h
variesfromapproximately0.5to 1.0as d/h variesfromO to1.0. Con–
sequently,itturnsoutthatthebehaviorofthethreecurvesinfigure
23(a)is qualitativelythesameaswouldbeindicatedif equation(13)
wereusedtoestimatepb*. (Itistoberememb&edthat t/h isthe
“effective”d/h offig.7.)

Thecorrespondingresultsforturbulentboundary-layerflowareshown
in-figure23(b).At Machnuuibersof1.5and2.0thesedatashowthesame
trendsasforlandnarboundary-layerflow,butat a Machnumberof2.9the
trendisnotthesame.AtMachnumbersneer3, andpossiblyhigher,it
appearsthattherelativeimportanceofthetwoabov~ntionedeffectsof
increasingd/h dependsontheconditionoftheboundary-layerflow.

Itmaybe notedfromfigure23(a)thatthereisonepointcorrespond-
ingto d/h= O onthecurverepresentinglaminarflowat a Machnuniber
of1.5. Thispoint,whichwasdeterminedfromthemeasurementsusinga
sidesupportgivesthesamevalueforthebasepressureasexistsfora
supportwitha d/h ratioof about0.3. At alltheotherMachnumbers,
wherespecialinterferencemeasurementswerenotmade,thebasepres’sure
ws measuredtitha constantvalueof0.4fortheratio d/h. l&omthe
curvesinfi@re23(a)itmaybe hferredthat,atleastforReynolds
nuuibersoftheorderof4 million,thebas~ressuredataforlaminarflow
arenotsignificantlyeffectedby supportinterference.

Unfortunately,an investigationof supportinterferenceforturbu-
lentboundary-layerflowhasnotbeenmadeusinga sidesupport.Deftiite
quantitativestatementsaboutthepossibleeffectsof supportinterference
intheturbulent-flowdata(figs.14,15,18,19,and20)cannotbemade
atpresent.Evidencethatthecombinedeffectsof supportandwallinter–
ferencesrenotlarge,however,isgivenby thegoodagreemsntobtainedat
allMachntiersbetweenthefree-flightfiringsofreference5 andthe
variousWnd-tumnelmeasurements(figs.14,15,18,and20).

A possiblesourceofwall.interferencecrisesfromthereflection
ofa bowwavefromthesidewalls,andtheeventualintersectionand
interactionwiththewakeat somedownstreamposition.Thisinteraction
for M= 2.0 and M = 2.9 occursat a positionvaryingfrom7to 22
basediametersdownstreamofthebase. Sincethelergedisturbancecaused
by thebalancehousinghasnomeasurableeffectatdistanceof3 basediam-
etersfromthebase(seefig.22),thereisno reasonto expectthatthe
bas~essure measure~ntsat M = 2.0 and M’=2.9 mightbeaffectedly
reflectionsofbowwavesfromthetunnelsidewalls.At a Machnumb& of
1.5,however,thedownstreampositionof interactioniscloser;itvaries

—..-..—.. —- —._ . . . .. .—————-——-— ——..
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fromapyrosdmmtely2.7basediametersforthemodelwithan L/h of7,
to5.4basediametersforthemodelwithan L/h ratioof4.3. In view
ofthepossibleinterferencefromreflectedbowwavesat lowsupersonic
Machnumbers,a specialinvestigationwasmadepriortothetestsof
reference10todetem.uinethemagnitudeofthiseffect.Theresults,
takenat a Machnumberof1.53,5arepesentedhereas theyaidineval-
uatingtheaccdacyofthewind-tunnelmeasurementsofbaseyressure.

Figure24 illustratesthetestsetupemployedin evaluatingthe
effectofa reflectedbowwaveonbaseyresmre. &causeofsymmetiy
thetwoouterdummymodelacausedtwoshmk waves,shnik toreflected
bowwaves,tointeractwiththewakebehindthebaseofthecentermodel
(onwhichthebase~ressurewasmeasured).Byvar@ng thedistancebetween
thedunmymodelsofthetestsetuy,thepositionofinteractionwasreadily
changed.Thestrengthofthebowwaveonthemodelsemployed(6-caliber
ogivalradius)inthisspecialinvestigationvariedfrcmapproximately
twotoeightttiesthestrengthofthebowwaveonthevariousmodelsfor
whichbas~ressuredataarepresented.

Schlierenphotographsoftheflowfortwodifferentpositionsof
interaction,endtwodifferentReynoldsnumbers,aregiveninfigure25.
Thedistancex, fromthebaseto thepositionofinteraction,isequal
tO 2.5htibothfigures25(b)ti 25(c).Thisparticularpositionsimw
l.atestheclosestpositiontothebaseoftheinteractionofreflected
wavesinthepresenttests.Thecorrespondingbase-pressuremeasurements
withoutandwiththeinterferencewavepresentareillustratedinfigure26
by thecircleandtrianglesyu.ibols,respectively.Thedatashowno appre-
ciableeffectonbasepressureoftheshockwavewhichsimulatesa
reflectedbowwave. Ifa reflectedbowwavecomestoocloseto thebase,
however,thenlargeinterferenceeffectssrepossible,as illustratedby.
thesquaresyuibolsinfigure26,endthecorrespondingscblierenphot~
graphsinfigbre2~(d).Exceptforpurposesofillustratingthiseffect,
base-pressuremeasurementswere,ofcourse,nottakenundertheselatter
conditionsofimportemtinterferencefromreflectedwaves.Sincethe
simulatedreflectionwavesofthemodelsusedinthisspecialinvestigation
wereseveraltimesstrongerthanthebowwavesonthemodelsforwhichthe
basepressurewasmeasured,itisclearfromfigure26that-thewind-tunnel
measurementspresentedarenotappreciablyaffectedby interferenceofa
reflectedbowwave.

5~is ~ch n~er dflferssomefitfromt~t ofmorerecenttests
(atM=l.50)sticetheearliertestswereconductedin1946ata t-
whenthel–by 3-footsupersonicwindtunnelwastemporarilyequipped
witha setoffixednozzleblocksinsteadoftheflexibleplatesnow
employed.

%hese datafallslightlybelowotherdatapresentedhereinbecauseof
theverysmallamountofboat–tailingonthemodelsusedh thisspecial
tivestigation.

. . .—.
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